ABSTRACT. Amniotic fluid volume is regulated by a balance of fetal fluid production and resorption. Although fetal swallowing is believed to be a major site of fluid resorption, additional routes of fluid exchange also may contribute. In our present study, five chronically prepared, water-restricted, pregnant ewes with singleton fetuses (128 f 1 d) were rehydrated via an intraamniotic infusion (100 mL/h over 90 min) of 0.075 M saline. In response to the maternal water restriction, significant increases were noted in maternal and fetal plasma osmolalities (306
f 1 d) were rehydrated via an intraamniotic infusion (100 mL/h over 90 min) of 0.075 M saline. In response to the maternal water restriction, significant increases were noted in maternal and fetal plasma osmolalities (306.6 f 1.2 to 315.4 f 2.4; 300.5 f 1.5 to 311.0 f 1.6 mosmol/kg, respectively) and arginine vasopressin concentrations (1.9 f 0.2 to 22.6 f 5.0; 1.5 f 0.1 to 8.5 2 2.2 pg/mL, respectively). After the intraamniotic infusion, fetal plasma osmolality (311.0 -C 1.6 to 303.0 f 1.2 mosmol/kg) and hematocrit (36.7 f 1.9 to 33.8 2 1.4%) significantly decreased although there was no change in maternal arterial blood values. Fetal swallowing averaged 0.39 f 0.10 mL/min during the basal period and 0.34 f 0.17 mL/min at maximum dehydration, and decreased significantly to 0.19 f 0.07 mL/min in response to the intraamniotic infusion. These results indicate the rapid absorption of intraamniotic fluid by the dehydrated ovine fetus, despite the suppression of fetal swallowing. The volume swallowed during and after the intraamniotic infusion was insufficient to account for the observed changes in fetal plasma osmolality and hematocrit. Thus, alternative routes of fluid absorption (i.e. intramembranous flow) likely predominate under conditions of increased fetal plasma to amniotic fluid osmotic gradients. (Pediatr Res 29: 214-217, 1991) Abbreviations AVP, arginine vasopression Amniotic fluid volume and composition during the second half of gestation are regulated by a balance of fetal fluid production (urine and lung fluid) and resorption (fetal swallowing). Fetal urine production and volume swallowed (per kg body wt) greatly exceed normal adult values, resulting in the exchange of amniotic fluid volume every 24 to 48 h near term (1, 2). Each of these sites of fluid exchange may be regulated by fetal endocrine or osmoreceptor systems (1, 2). Thus, alterations in fetal body water homeostasis may affect amniotic fluid.
Maternal water restriction significantly alters maternal and fetal fluid dynamics (3) (4) (5) (6) . In the pregnant ewe, dehydrationinduced maternal plasma hyperosmolality and hypernatremia are associated with elevated levels of plasma AVP. Fetal plasma osmolality and sodium concentrations parallel maternal values, whereas increases in fetal plasma AVP are gestation-dependent (3). The fetus also may exhibit a relative decrease in plasma volume, glomerular filtration rate, and urine production (3) (4) (5) . Urinary hyperosmolality, mediated in part by increased plasma AVP, contributes to increased amniotic fluid osmolality (1-3), whereas reduced urine production likely contributes to decreased amniotic fluid volume during dehydration (6) . Intravenous rehydration of the maternal ewe results in the reversal of maternal plasma composition changes and a gradual equilibration of fetal plasma composition, via transplacental fluid flow (5) . In view of the potential for fluid exchange between the amniotic cavity and the fetus, we sought to determine if the dehydrated ovine fetus was able to use hypotonic amniotic fluid for rehydration. In addition, we examined the contribution of fetal swallowing to the rehydration of the fetus via amniotic infusion.
MATERIALS AND METHODS

Animals and Surgery.
Five western cross-bred ovine ewes with singleton fetuses at a mean gestational age at the time of surgery of 123 + 1 d (range 122 to 124 d) were used in these studies.
The amniotic fluid volume and fetal and maternal responses to dehydration in these and one additional animal have been reported separately (6) . The animals were maintained under controlled photoperiods of 12 h light-12 h dark (0600, 1800 h) and housed in individual steel study cages before and after operation. Both food (alfalfa pellets) and water were available ad libitum, except for the withholding of food during the 24-h period preceding surgery. Anesthesia was induced by an intramuscular injection of ketamine hydrochloride (20 mg/kg) plus atropine sulfate (30 pg/kg) and subsequently maintained by a continuous i.v. infusion of ketamine (1 5 mg/kg/h) and locally applied xylocaine (1%). The uterus was exposed by a midline abdominal incision and a small hysterotomy was performed to provide access to a single fetal hind limb. Polyethylene catheters (inner diameter 1.0 mm, outer diameter 1.8 mm) were placed in the dorsal hind limb artery and vein and threaded to the abdominal aorta and inferior vena cava, respectively. A polyethylene catheter (Corometrics Medical System, Wallingford, CT; inner diameter 1.5 mm, outer diameter 3.2 mm) was sutured to the distal tip of the fetal hind limb and the uterus was closed in two layers after reposition of the hind limb. Through a second hysterotomy, the fetal left hemithorax was opened in the 8th intercostal space. The peritoneum overlying the esophagus was incised 2 cm cephalad to the diaphragm and a 4-mm ultrasonic flow probe (Transonic System Inc., Ithaca, NY) was placed loosely around the esophagus. A second amniotic catheter was placed at the level of the fetal neck. In addition, bipolar electro-
myogram wires (AS632 Cooner Wire, Chatsworth, CA) were inserted on the fetal thyrohyoid muscle, nuchal and thoracic esophagus, and fetal diaphragm. The maternal abdominal wall was closed in layers. The maternal femoral artery and vein were catheterized and all catheters were exteriorized to the maternal flank and placed in a cloth pouch sewn to the ewe's flank.
All animals were provided a minimum of 5 d postoperative recovery during which time antibiotics were administered and catheters flushed. During the initial 2 d of recovery, twice daily i.v. injections of gentamicin (8 mg) and oxacillin (33 mg) were administered to the fetus and gentamicin (72 mg), oxacillin (1 g), and chloramphenicol (1 g) to the ewes. Both maternal and fetal catheters were flushed daily with heparinized saline (10 IU/ mL), after which the fetal vascular catheters were filled with sodium heparin (1000 IU/mL) and sealed with sterile plastic caps. The concentrated heparin solution was completely withdrawn from the fetal catheters each day before any injections.
Experimental Protocol. Maternal and fetal dehydration. The mean gestational age at the initiation of studies was 128 + 1 d.
On the 1st day of study, basal maternal and fetal arterial blood samples (1.5 mL) were drawn at -1 and 0 h before dehydration for measurement of hematocrit and plasma osmolality and sodium, potassium, and AVP concentrations. An additional 0.5 mL of arterial blood was collected for immediate blood gas analysis. All fetal blood samples were replaced with equivalent volumes of heparinized maternal blood drawn before the study. All maternal samples were replaced with equivalent volumes of saline. Amniotic fluid samples (1 mL) were drawn for measurement of sodium and potassium concentrations and osmolality. After the basal sampling, maternal water deprivation was initiated for a period of 54 h. Repeat samples of maternal and fetal blood were drawn at timed intervals during the water deprivation (6). Fetal swallowing was recorded for a 4-h period on each day of the study.
Fetal rehydration (intraamniotic).
At 54 h of water deprivation, warmed 0.075 M saline was infused (1000 mL/h) into the amniotic cavity via one amniotic catheter (selected arbitrarily) for 90 min. Animals were monitored for an additional 90-min observation period after the saline infusion. Before, and at 30, 60, 90, 120, and 180 min after the initiation of the infusion, maternal and fetal blood samples were drawn for measurement of hematocrit, plasma osmolality, and AVP concentration. Maternal and fetal blood pressures and heart rate and amniotic fluid pressure were determined before each blood sample. An amniotic fluid sample was drawn from the second amniotic catheter (not used for the infusion) before and at the conclusion ofthe infusion. Fetal swallowing (volume) was monitored continuously throughout the rehydration and observation periods.
Analytic Methods. Maternal and fetal heart rate and blood pressure were monitored with a Beckman R-612 physiologic recorder (Beckman Instruments, Inc., Palo Alto, CA) and Statham (Gould Inc., Oxnard, CA) P-23 transducers. Fetal blood pressure was corrected for amniotic fluid pressure. Blood pH, Po,, and Pco2 values were measured at 39°C with a Radiometer BM 33 MK2-PHM 72 MKS acid-base analyzer system (Radiometer Co., Copenhagen, Denmark). Plasma and amniotic fluid electrolyte levels were determined by flame photometry (model 143, Instrumentation Laboratory, Watertown, MA). Osmolality was measured by freezing point depression on an Advanced Digimatic Osmometer (model MO, Advanced Instruments Inc., Needham Heights, MA).
Plasma AVP levels were assessed by RIA as previously described (7) . The AVP RIA employed in our laboratory is sensitive to 0.8 pg of AVP/mL plasma (0.16 pg/tube). The intraassay and interassay coefficients of variation were 6 and 9%, respectively.
Fetal swallowing was determined by analysis of the esophageal flowmeter signals as described previously (7) . Briefly, flow signals were digitized at 50 samples/s using an IBM-compatible microcomputer with a 16-channel, 12-bit analog to digital converter. Asyst software (version 2 Table 2 ) significantly increased. There was no significant change in maternal or fetal hematocrit, pH, Po,, PCOI, mean blood pressure, or heart rate (Tables 1 and 2) . A detailed analysis of the time course of maternal, fetal, and amniotic fluid volume responses to dehydration in these and one additional animal has been previously reported (6) . that changes in fetal hematocrit were secondary to blood sampling, as each fetal sample was replaced with an equivalent DISCUSSION volume of maternal blood. Nor was there evidence of fetal hemolysis in response to the intraamniotic infusion of 0.075 M As described previously (6), maternal water deprivation re-saline. Thus, as evidenced by the decrease in fetal hematocrit sulted in significant increases in maternal plasma osmolality and and plasma osmolality, fetal blood volume apparently increased plasma sodium and AVP concentrations. The 9 mosmol/kg as a result of the fetal absorption of water from the amniotic increase in maternal plasma osmolality is well within the range cavity. These findings differ from the results of Gilbert and Brace seen after exercise, thermal dehydration, or mild water depriva-(12), who observed decreased fetal blood volume after an intion in normal human adults (8, 9) . Fetal plasma osmolality and traamniotic infusion of distilled water to euhydrated sheep. Howsodium and AVP concentrations increased in response to mater-ever, these investigators noted significant fetal plasma hypoosnal water deprivation (6) . The 6 mosmol/kg difference in mater-molality and hemolysis, which may have contributed to fetal nal and fetal plasma osmolalities is consistent with values meas-vasoconstriction and blood volume contraction (12) . ured by vapor-pressure or freezing point depression techniques
Fetal plasma AVP levels did not change in response to the under aerobic conditions (10) . More precise determinations un-intraamniotic rehydration. In a previous study, maternal i.v. der anaerobic conditions, which reduce plasma carbon diox-rehydration resulted in decreased fetal plasma osmolality but a ide loss, indicate actual plasma osmolality gradients of 2 to 3 continued elevation of plasma AVP (5) . As dehydration-induced mosmol/kg (10) . Despite ad libitum feeding, postprandial fetal blood volume contraction was not normalized by maternal changes in maternal plasma osmolality (1 1) also may have con-rehydration in the prior study, it suggested that AVP secretion tributed to the observed basal osmotic gradient. We recently may have continued in response to persistent volume stimuli. reported a significant increase in amniotic fluid osmolality and However, the suggestion of increased plasma volume in response sodium concentration and a decrease in amniotic fluid volume to intraamniotic rehydration indicates that AVP secretion is not in response to dehydration in these and one additional animal rapidly suppressed by normalization of either plasma osmolality (6) . AVP-mediated increased fetal urine osmolality and reduced or volume. In response to rehydration, adult AVP secretion urine production rates may have accounted for the amniotic appears to be suppressed by a combination of oral stimuli, gastric distension, and plasma composition changes (I 3). It is unknown whether similar mechanisms are operable during fetal life.
The basal fetal swallowing rate (0.39 k 0.10 mL/min) extrapolates to 560 mL/d, a volume consistent with previous determinations using electromagnetic flowmeter analysis (14) or tracer dilution (15) . Fetal volume swallowed did not change significantly on d 1 or d 2 of maternal water deprivation, despite the 10 mosmol/kg increase in plasma osmolality. Previously, we demonstrated a significant stimulation of fetal swallowing activity and volume in response to an i.v. injection of hypertonic saline to the fetus (16), indicating an intact ovine "thirst" mechanism during the last third of gestation. Fetal plasma osmolality acutely increased by 14 mosmol/kg in the earlier study, suggesting that the plasma osmolality threshold for fetal thirst stimulation may be greater than that achieved in the present study. Alternatively, the rapidity of change in plasma osmolality or sodium concentration may influence the stimulation of swallowing.
Fetal volume swallowed significantly decreased by greater than 50% in response to the intraamniotic infusion and remained suppressed throughout the recovery period. The rapid reduction in fetal plasma osmolality and the expanded intravascular volume may have contributed to the suppression of thirst and swallowing. In view of the decreased volume swallowed, one may question whether fetal swallowing could explain the plasma composition changes noted in response to the intraamniotic infusion. Fetal swallowing averaged 0.18 mL/min, or a total of 33 mL during and after the intraamniotic infusion. One may assume an approximate osmolality of swallowed amniotic fluid of 2 14 mosmol/kg (after the intraamniotic infusion), although this may have returned toward basal values by the completion of the study. In a previous study (1 7), we demonstrated a significant decrease in fetal plasma osmolality in response to fetal intraruminal infusions (140 mL over 60 min) of distilled water. Despite more than a 4-fold difference in volume swallowed in the present study (33 mL) and marked differences in osmolalities (214 versus 5 mosmol/kg), similar decreases in fetal plasma osmolality were noted in both studies.
Thus, in the present study, it is unlikely that fetal swallowing represented the sole site of fetal fluid resorption. Although the fetal gastrointestinal tract is believed to be the major site of fetal resorption of amniotic fluid, it may not be the sole route. Human fetuses with an inability to swallow (esophageal atresia, anencephaly) often, although not invariably, develop polyhydramnios (18, 19) . Furthermore, esophageal ligation in several animal models has resulted in transient or no increase in amniotic fluid volume (20, 21). As an alternate route of fluid exchange, intramembranous water flow may occur in response to an increased osmotic gradient from fetal or maternal plasma to amniotic fluid (12) . The highly vascular ovine chorion offers a surface area for water exchange sufficient to impact the fetus (22) . Although water diffusion into the maternal plasma may potentially occur, the large maternal volume of distribution may impair the detection of this exchange.
In summary, the intraamniotic 0.075 M saline infusion to dehydrated ewes significantly decreased fetal plasma osmolality and hematocrit. However, fetal swallowing was suppressed during rehydration, suggesting alternative routes of fetal-amniotic fluid exchange.
